Island thermal effects on the trail cloud band over the central North Pacific are investigated for the lee of Hawaii using satellite observations and a regional atmospheric model. The trail cloud band develops around noon and peaks in cloudiness in the early afternoon. The analysis of numerical simulations of the Kauai wake suggests that a dynamically induced convergence zone forms in the lee of Kauai and Oahu (maximum elevation at 1.5 and 1.2 km, respectively) under the trade wind flow. The island thermal effect significantly modulates the island wake and creates a diurnal cycle of development and decay in the lee cloud band. As solar radiation heats up the island from morning to afternoon, warm air moves downstream (warm advection) from the island in the wake zone, increasing the air temperature, decreasing the air pressure, and enhancing low-level wind convergence in favor of the formation of the trail clouds. Conversely the cold advection during night suppresses cloud formation in the wake. The warm advection and the convergence in the wake increase with the upstream trade wind strength, consistent with satellite observations that the cloudiness increases in the wake under strong wind conditions in the afternoon.
Introduction
Satellite observations frequently reveal interesting cloud patterns in the atmospheric wakes of mountainous islands (Hubert and Krueger 1962; Chopra and Hubert 1965; Chopra 1973; Scorer 1986; Smith et al. 1997; Young and Zawislak 2006) . Depending on the largescale wind and temperature profiles, and the mountain height, these island wakes can take one of many forms including a pair of counterrotating vortices trapped in the immediate lee of the island (Smith and Grubišić 1993) , a train of vortices extending far downstream (Young and Zawislak 2006) , or a stable wake sometimes topped by cloud trails (Dorman 1994; Nordeen et al. 2001; Porch and Winiecki 2003; Porch et al. 2006) . The strong wind curls in the wake may force ocean circulation changes, triggering active ocean-atmosphere interaction as observed in the long wake of Hawaii (Xie et al. 2001; Hafner and Xie 2003; Sakamoto et al. 2004; Sasaki and Nonaka 2006) .
For a uniform flow impinging on an isolated mountainous island, it slows down and may even reverse the direction in the wake, forming a vorticity dipole. In laboratory studies, lee vortices are often attributed to the separation of the viscous boundary layer from the lower surface. In numerical simulations of stratified flow past isolated obstacles, a wake with lee vortices can form without surface friction, with the required vertical vorticity being generated by tilting baroclinically produced horizontal vorticity into the vertical (Smolarkiewicz and Rotunno 1989) . Subsequent studies of wake formation have focused on potential vorticity (PV) generation by dissipative processes, such as gravity wave breaking and surface friction (Schär and Smith 1993; Smith 1989; Smolarkiewicz and Rotunno 1989; Schär and Durran 1997; Rotunno et al. 1999) . The PV anomalies generated by these processes can be a significant factor in vortex shedding through PV conservation downstream. Weak PV anomalies combined with island blocking and surface friction may result in a confluence zone in the wake.
Besides these dynamical effects of orography on airflow, the thermal forcing of islands also affects islandscale circulations, as best manifested in the diurnal cycle over the island of Hawaii (Leopold 1949; Chen and Nash 1994; Yang and Chen 2003; among others) . The island thermal effect is especially pronounced in areas with weak surface winds due to island blocking, such as the lee side of the tall and large island of Hawaii. While the thermal forcing over islands has been extensively studied, discussions of the thermal effect on island wakes are few in the literature. In a case study of the lee vortices in Taiwan, Sun and Chern (1993) suggested that the diurnal forcing not only generates land/ sea breezes but also controls the vortex shedding and the propagation of vortices. The vortex shedding period becomes shorter as a result of the influence of diurnal forcing. For a stratified flow past an idealized threedimensional obstacle for nonrotating, inviscid flow with idealized thermal forcing (Reisner and Smolarkiewicz 1994) , the characteristic scale of thermal forcing (or the magnitude of trajectory-integrated thermal forcing) at the surface is important to determine if a transition would occur from the blocked flow regime to the unblocked flow regime.
Linear clouds are often observed trailing islands. Dorman (1994) analyzed the Guadalupe Island cloud trail using satellite and radiosonde observations and speculated that it is caused by the mechanical disturbance of the wind field by the island, which raises humidity in the upper part of the inversion-capped marine boundary layer in the wake. Studying satellite images, Nordeen et al. (2001) noted a pronounced diurnal cycle in cloud trails of the tropical western Pacific island of Nauru and showed that they tend to develop around noon and begin to decay in the late afternoon. McFarlane et al. (2005) analyzed surface observations at Nauru and found nighttime low-cloud frequency is much less than the daytime frequency. Matthews et al. (2007) use observations to examine the mesoscale disturbance of the marine atmospheric boundary layer by Nauru. The land surface heating forces the growth of a thermal internal boundary layer, within which a plume of cumulus clouds forms. In a study of the trail clouds of Nauru Island between El Niño and La Niña periods, Porch et al. (2006) suggested that large-scale subsidence at the margins of the convective center of the tropical west Pacific is the major driver in maintaining island cloud trails for distances of hundreds of kilometers. However, the cause of such a diurnal cycle of the trail clouds remains unclear. Since cloudiness tends to peak at dawn over the open ocean, the afternoon peak of trail clouds is likely to be a result of island thermal forcing, which deserves to be examined thoroughly.
The present study uses satellite observations and a high-resolution numerical simulation to study the diurnal cycle in the wake of Kauai Island over the central North Pacific. Our results reveal the afternoon development of trail clouds lee of Kauai and the neighboring island of Oahu. While the dynamical forcing by island mountains creates favorable conditions (e.g., surface wind convergence) for cloud formation, the island thermal effect overcomes the dynamical forcing and erases trail clouds at night. To emphasize the thermal effect, we call the wake of Kauai with afternoon trail clouds the thermal wake in this paper. A thermal wake is a wake with strong diurnal modulations of clouds and other thermodynamic properties. The terminology does not rule out either the importance of dynamic forcing by island orography or the diurnal modulation of the dynamic forcing. On the contrary, dynamically induced convergence in the wake of Kauai helps the formation of trail clouds during daytime. We will show with numerical simulations that the advection of warm air from the island during the day intensifies the low-level convergence, leading to the formation of a cloud band in the lee.
The rest of the paper is organized as follows. Section 2 introduces the trail clouds lee of Kauai and discusses briefly the dynamical flow regime involved. Section 3 describes the satellite data and the numerical model. Section 4 studies the thermal wake by analyzing both satellite observations and the model simulation, while section 5 contrasts the periods of strong and weak trade winds to corroborate the importance of thermal advection. Section 6 presents wakes lee of Oahu Island and the island of Hawaii based on satellite data analysis. Section 7 is a summary.
Kauai Island
Kauai Island, with its highest mountaintop at 1500 m MSL and a diameter of roughly 50 km, lies in the northernmost of the Hawaiian island chain, where the eastnortheast trade winds prevail most of the year (Schroeder 1993) . Under the summer trade wind conditions with the Brunt-Väisälä frequency N ϭ 0.008 s
Ϫ1
and a wind speed of U ϭ 8 m s
, the Froude number (Fr ϭ U/Nh; h is the height of the barrier) is 0.7 for Kauai Island. According to the linear theory (Smith 1989) and nonlinear numerical studies (Schär and Durran 1997; Bauer et al. 2000) of stratified airflow past an isolated obstacle, Kauai, with Fr of 0.7 and aspect ratio of 1, falls in the flow regime of gravity wave breaking with wake formation in the lee. A dynamically induced return flow and lee vortices are not expected in the wake of Kauai (Smolarkiewicz and Rotunno 1989) , unlike the islands of Hawaii and Taiwan (Sun and Chern 1993) . Without the return flow in the wake of Kauai, air over the island with diurnal variations in temperature moves downstream and may affect the wake circulations. The dynamical forcing for the Kauai wake has been investigated with numerical simulations by Lane et al. (2006) and Burk et al. (2003) , but the island thermal effect on the wake is not considered in these studies. Figure 1 shows visible cloud images from (Geostationary Operational Environmental Satellite) GOES-10. At 1030 Hawaiian Standard Time (HST), no significant clouds were observed over the wake of Kauai Island, but there was a faint and thin cloud trail in the lee of Niihau (Fig. 1a) . At 1400 HST (Fig. 1b) , the wake was covered by a cloud band that extended 80 km downstream from the west coast of Kauai through Niihau and persisted throughout the whole afternoon. Increased cloudiness over the Kauai wake in the afternoon is very common in the summer, suggesting the importance of diurnal variation of island heating/cooling. Sections 3-5 examine satellite cloudiness climatology over and lee of Kauai through the diurnal cycle and use satellite observations and a numerical simulation to investigate the structure and mechanism for the thermal wake of Kauai.
Data and model
Polar-orbiting satellites Terra and Aqua fly over Hawaii about 1100 and 1400 HST during the daytime, respectively. In this study, cloud mask data from the Moderate Resolution Imaging Spectroradiometer (MODIS) on the Terra at 1100 HST and Aqua at 1400 HST during June-August of 2004 and 2005 are used to calculate the cloud frequency over the general Hawaii region. Cloud frequency is defined as the total number of days with cloud cover divided by the total number of days considered. For both Terra and Aqua, only the daytime cloud mask data are used because of the known problems of more clouds than actual over the ocean and false cloud detection over land using infrared data alone during nighttime (additional information is available online at http://modis-atmos.gsfc.nasa.gov/ MOD35_L2/qa.html). For the daytime cloud mask data, the only known problem is the cloud detection near the coastline. MODIS has a 2330-km-wide swath and a repeat cycle of 16 days, during which one or two swaths do not cover the entire Hawaiian island chain. In this study, we use the swaths covering the entire state.
To illustrate the diurnal cycle better, we use the data from GOES-10 visible channel 1 (1-km resolution nadir) and IR channel 5 (4-km resolution nadir) with 15-min intervals in August of 2005. Climatologically, the occurrence of the northeasterly trade winds is 92% in August, a month with the most stable and highest frequency of trade wind flow year round. Therefore, August is representative of the entire summer. The radiance from channel 1 is converted to effective albedo, which is smaller over the sea under clear sky than in cloudy conditions. The radiance from the IR channel 5 is converted to brightness temperature. The effective albedo is in a positive relationship with the cloud amount, but this relationship is affected by the diurnal variations of the solar altitude.
We use the fifth-generation Pennsylvania State University-National Center for Atmospheric Research (NCAR) Mesoscale Model (MM5 version 3) (Dudhia 1993). It is a nonhydrostatic primitive equation model with the terrain-following sigma vertical coordinate. In this study, there are 34 sigma levels in total 1 from the surface to 100 hPa with 13 of them (0, 8, 24, 47, 71, 95, 119, 159, 239, 442, 734, 1121, and 1455 m) below 1500 m to resolve the boundary layer. Four nested domains with two-way nesting are used with horizontal resolutions of 27, 9, 3, and 1 km (Fig. 2) . The Grell cumulus parameterization (employed only for 27-and 9-km resolution domains only), a grid-scale warm rain process (Hsie et al. 1984) , a cloud radiation scheme (Dudhia and Moncrieff 1989) , and Hong and Pan's (1996) boundary layer scheme are used. An advanced land surface model (LSM) (Chen and Dudhia 2001 ) is coupled with MM5, with four layers at depths of 10, 40, 100, and 200 cm. The vegetation type, soil type, and vegetation fraction were compiled from the U.S. Geological Survey (USGS) 1:100 000-scale land use/land cover level II data for Hawaii (USGS 1986) . The soil types were also compiled from the USGS data with reference to the soil surveys in Hawaii (Foote et al. 1972; Sato et al. 1973 ), using the procedures described by Zhang et al. (2005) on a 30-in grid. Validating the model against observations during the Hawaiian Rainband Project (HaRP), 11 July-25 August 1990, Yang et al. (2005) show that with the improved land surface data of Zhang et al. (2005) the MM5-LSM simulates well the island-scale circulations and their diurnal cycle.
Here we conduct simulations for June-August of 2005 with MM5-LSM, following the procedures of Yang et al. (2005) as described below. The MM5-LSM is spun up for two months, ending 31 May 2005, to obtain appropriate initial soil moisture and soil temperature fields. From 1 June to 31 August, the model is initialized daily at 1200 UTC using the 24-h (h) forecast of the previous day for soil moistures and soil temperatures, and the NOAA Global Forecasting System (GFS) 1°ϫ 1°analysis for other fields. The GFS analysis is also used for the lateral boundary conditions for the outmost domain. The MM5-LSM is integrated forward for 36 hours. The snapshots are saved every two hours from the 12th to the 36th hour for each daily simulation. A climatologically diurnal cycle is constructed by averaging 92 snapshots from 1 June to 31 August 2005.
Thermal wake of Kauai
In this section, we first use MODIS and GOES satellite data to examine the diurnal variations of cloud frequency over the Kauai wake. We then analyze the MM5-LSM simulations to investigate the threedimensional structure and mechanism of the thermal wake.
a. Satellite observations
In the late morning composite (Fig. 3b) , larger cloud frequency is found on the windward (with respect to the northeast trades) slopes of Kauai than on the lee side due to orographic lifting of combined trade windanabatic flow. On the west edge of the island, cloud cover increases as the sea breeze begins to develop in this region and reduce trade wind speed. The fraction minimum along the north, south, and east coasts is due to the known cloud mask problem on coastlines. From 1100 to 1400 HST (Figs. 3b,c), cloud frequency increases considerably over the leeside land surface of Kauai (by 0.3), Niihau Island, the sea between Kauai and Niihau (0.3-0.4), and the waters downstream of Niihau (0.3-0.5).
The same patterns of cloud cover increase are also found in effective albedo derived from GOES-10 visible observations (Figs. 4a, b) . The mean effective albedo over the sea between Kauai and Niihau and downstream of Niihau is 2%-5% larger in the afternoon than in the morning. The development of trail cloud bands in the afternoon is captured by the distance-time sections of effective albedo along the trade 1 The sigma levels are 1, 0.999, 0.997, 0.994, 0.991, 0.988, 0.985, 0.980, 0.97, 0.945, 0.91, 0.865, 0.82, 0.79, 0.76, 0.73, 0.7, 0.67, 0.64, 0.61, 0.58, 0.55, 0.52, 0.475, 0.425, 0.375, 0.325, 0.275, 0.225, 0.175, 0.125, 0.075, 0.025, and 0. FIG. 2 . The three inner nested domains employed in this study with resolution of 9, 3, and 1 km, respectively. The outermost domain is not shown, with 27-km resolution, 120 grids along the east-west direction, and 110 grids along the north-south direction.
wind flow (Fig. 5) . Clouds begin to build on the leeside land of Kauai and Niihau from morning and peak in albedo around 1300-1400 HST. Over the leeside sea near Kauai, increased cloud albedo displays a slow downstream propagation at 2-3 m s Ϫ1 . Farther downstream 20 km west of Kauai, however, the downstream propagation becomes rather unclear; the cloud albedo increases abruptly from 1200 to 1300 HST, suggesting that the cloud development there is not simply due to the downstream advection of cloud water from the island. MODIS, on the Aqua satellite, at 1400 HST captures roughly the peak phase of this lee cloud band. On the leeside area of Niihau (Fig. 5b) , the westward propagation of increased cloud albedo is more consistent at about 4 m s Ϫ1 within 20 km downstream from the west coast. Farther downstream, the downstream propagation becomes rather unclear. The decay of the lee cloud bands is quite different from the development phase, without any obvious westward propagation, suggesting some nonadvective process at work. The decay of the cloud band lee of Niihau is particularly rapid, with cloud albedo decreasing from its peak value of 8% to the morning values of 4%-5%.
Over the leeside land surface, continuous land surface heating through morning results in the onset of a weak sea breeze and anabatic flow, which weakens the descent of trade wind flow on the leeside slope. The convergence between the sea breezes/anabatic flow and the trade wind flow leads to increased cloud frequency over the leeside land surface in the afternoon (Fig. 3) . Warm air generated over islands and advected downstream by the trade winds may have two competing effects over the nearby sea. One is to increase the lowlevel air stability as the ocean does not warm much during the day, suppressing convection in the marine boundary layer. Or alternatively, the warm air column may lower surface pressure, inducing horizontal convergence and the rising motion. At night islands cool. The brightness temperature from the GOES-10 IR channel 4 is 3-4 K higher over the leeside sea than in the upstream environment (Fig. 3d) , indicating suppressed cloudiness lee of Kauai and Niihau at night. The afternoon development and nighttime suppression of lee clouds bands as observed by MODIS and GOES support the second scenario.
b. Numerical simulation
This section tests the above advective thermal wake hypothesis by analyzing the 2-hourly climatology based on the 2005 summer MM5-LSM simulations in the innermost Kauai domain with 1-km resolution. Figure 6 shows the mean simulated vertically integrated cloud water content (ICWC) at 1100, 1400, 0200 HST, and the 1400-1100 HST difference. Larger ICWC is found on the windward slopes of Kauai because of the orographic lifting of a combined trade wind and anabatic flow. ICWC on the leeside area is persistently less even at 1400 HST, the time when cloud frequency is comparable over land between the windward and lee sides (Fig. 3) . This discrepancy suggests that clouds are thicker on the windward side, consistent with the observed larger rainfall amount on the windward slopes than the leeward slopes. On most of the leeside areas, both over land and sea, ICWC at 1400 HST is greater (by 0.01-0.05 mm) than at 1100 HST, consistent with satellite observations (Figs. 3-5) .
Kauai is known as one of the wettest places in the world with an annual precipitation of about 11 000 mm (2400 mm for summer) on its highest mountaintop (Giambelluca et al. 1986; Ramage and Schroeder 1999) . The simulated rainfall accumulation reaches a maximum of 2200 mm over Kauai on the windward slope close to the mountaintop, with a distribution consistent with observations (not shown).
Over land, rising motions are simulated on the windward slopes of Kauai and Niihau owing to orographic lifting of the trade wind flow while orographic-induced descent is found over the leeside slopes and the northwestern and southwestern leeside areas (Fig. 7b) . At 250 m MSL, strong winds (10 m s Ϫ1 ) are simulated north and south of Kauai as air is forced to flow around the island (Fig. 7a) . A wake of weak easterly wind (1-4 m s
Ϫ1
) forms lee of Kauai toward which the northeasterly from the north and the easterlies from the south converge. Weak rising motions are found in the wake (Fig. 7b) . The dynamically induced convergence zone in the wake favors formation of the trail clouds.
The mean wind patterns in the lee of Kauai (Fig. 7a) FIG. 5. Along-stream distance-time sections of effective albedo averaged between the thick solid lines in Fig. 4 , lee of (a) Kauai and (b) Niihau. The thick straight line marks the island west coast. The 0-km reference point of the x axis denotes the westernmost point of the area between the two thick straight lines in Fig. 4. are comparable to that simulated by Smolarkiewicz and Rotunno (1989) with Fr ϳ 0.66: a flow regime without lee vortices in the wake. We checked individual simulations for each day and found that, for most of the time, lee vortices were not simulated. Occasionally, lee vortices were simulated with a lifetime of 2-4 h, much shorter than those in Taiwan (Sun and Chern 1993) and the island of Hawaii.
Transient lee vortices of Kauai may be due to surface and internal friction in the model. Surface friction can generate vorticity in the boundary layer, which is then carried to the interior of the fluid by boundary layer separation. For a stratified flow past a mountain, surface friction is not required for (e.g., Smolarkiewicz and Rotunno 1989) but may contribute to the lee vortex formation (Ding and Street 2003) . In addition, internal friction and the Reynolds number may also affect lee vortex shedding (Sun and Chern 1994) . For example, gravity wave breaking slightly downstream of the mountain crest can generate PV anomalies (Schär and Durran 1997) . Further investigations into the transient lee vortex generation are beyond the scope of this paper.
1) DAY AND NIGHT CONTRAST
During the daytime, air temperature is higher in the wake than in the open ocean environment because of the warm advection over the islands and the convergence of the warm air in the wake zone (Figs. 6a,b) . With continuous land surface heating from 1100 to 1400 HST, low-level air temperature over the leeside ocean increases by 0.2-0.8 K (Fig. 6d) . With the development of the sea breezes/anabatic flow that further reduces the northeast trades in the wake, warm advection in the wake shifts southward and northward in the afternoon as compared to that in the morning (Figs. 6b,d) , with the largest temperature increase on both the northern and southern flanks of the wake. Associated with the warming in the wake, the rising motion over the leeside sea increases in speed to 5-10 cm s Ϫ1 in the afternoon from 1-5 cm s Ϫ1 in the morning (Figs. 7c,d ). At night, low-level winds in the wake are easterly and the air temperature is lower than both to the north and south, indicative of the cold advection from Kauai Island (Fig. 6c) . ICWC increases over the sea both north and south of Kauai, somewhat consistent with the GOES-10 IR brightness temperature minima there (Fig. 3d) . The ICWC increase is found along the northern and southern boundaries of the model innermost domain, which might be an artifact of compensating rising motions in response to the sinking motions in the wake at night (Fig. 8b) .
In the cross-stream section (Fig. 8a) over the sea between Niihau and Kauai, the maximum upward velocity at 1400 HST is found at 1-km level. The upward transport of moist air creates a dome in the equivalent potential temperature field, with clouds forming in the upper marine boundary layer. Compensating downward motions occur on the southern and northern flanks. At night, the anomalous downward motion dominates in the wake, creating a depression in the equivalent potential temperature field with little cloud (Fig. 8b) .
In the along-stream cross section, weak sea breezes (1 m s Ϫ1 ) developed in the afternoon at low levels on the lee coast of Kauai, where rising motion occurs and clouds form (Fig. 9a) . On the lee side over the island, the rising motion together with land surface heating results in relatively high equivalent potential temperature from the 500-m to 1500-m level. In this layer, the easterlies prevail, advecting the warm and moist air downstream. [At lower levels, warm advection in the afternoon is found on the northern and southern flanks of the wake where the trade wind flow is strong (Figs.  6a) .] At night, equivalent potential temperature is greatly reduced on the lee side of Kauai (Fig. 9b) . The easterly trade wind recovers near the surface, facilitating the advection of cool and dry air from the island. Clouds are few on the leeside coast at night as a downslope flow (combined katabatic and trade wind flow) develops.
In the following discussion, we isolate the island diurnal heating effect. First, we take the temperature and pressure profiles averaged in a 50 km 2 area about 30 km to the southeast of Kauai to represent the upstream environmental conditions. Then we subtract temperature and pressure over the leeside sea from the reference environmental profiles, which include planetaryscale tides. Figure 10 shows the cross-stream sections of temperature and pressure anomalies at 1400 and 0200 HST. In the afternoon, positive temperature anomalies with a maximum of 0.4 K, due to the warm advection, appear at 500 m MSL (Fig. 10a) . Near the surface, temperature anomalies decrease because sea surface temperature is kept constant in the model throughout the diurnal cycle. Negative pressure anomalies develop in the marine boundary layer, strengthening toward and reaching the extreme of Ϫ0.2 hPa at the surface pressure minimum. The negative pressure anomalies include low-level wind convergence toward the wake. At night (Fig. 10b) , the cold advection from the island cools the temperature, with the extreme of Ϫ0.4 K at 500 m MSL. Positive pressure deviations develop with a surface maximum of 0.15 hPa. Actually, an increase/ decrease in air temperature of 0.3 K for a 1.5-km-deep air column gives a hydrostatic pressure change of 0.18 , equivalent potential temperature (contours in K), and wind velocity at (a) 1400 and (b) 0200 HST. All deviations from the daily mean. The 0-km reference point of the x axis denotes the northernmost point of the thick solid line in Fig. 6b. hPa at the sea surface, roughly consistent with the simulation result.
Recently, a cruise survey was conducted onboard the R/V Kilo Moana of University of Hawaii to observe island-induced atmospheric and oceanic circulations lee of Oahu and Kauai Island for 16-20 December 2006 under the trade wind flow. Three soundings were obtained over the sea between Kauai and Niihau Islands at 0630, 1300, and 1700 HST 19 December 2006. At 400 m MSL, the temperature increased by 1.1 K from 0630 HST to 1300 HST, and an additional 0.5 K from 1300 HST to 1700 HST. Continuous shipboard surface air temperature observations revealed a pronounced diurnal cycle in the wake of Kauai Island. These observations are generally consistent with our model simulations.
2) FULL DIURNAL CYCLE Figure 11 displays the full diurnal cycles of vertical velocity, cloud water content, temperature, and pressure at their respective heights of maximum variability. Throughout the diurnal cycle, warmer (colder) air than the open ocean environment is advected downstream from Kauai during the day (at night), causing surface pressure to decrease (increase) and induce low-level wind convergence (divergence) and rising (sinking) motions (Figs. 11a,c) . Over the leeside sea off Kauai, the rising motions develop in the morning and peak around 1400 HST with the maximum of 15 cm s Ϫ1 while the sinking motions peaks around 0500 HST with a maximum of Ϫ5 cm s Ϫ1 . As cloud water in the wake responds to the thermally induced diurnal cycle of vertical motion, more clouds form in the afternoon than at night. Cloud water peaks in the early afternoon in the model (Fig. 11b) , in rough agreement with the GOES cloud albedo observations.
c. Thermal budget
This section uses the simulation data to calculate advection terms in the thermodynamic equation,
On the right-hand side are three-dimensional advection of potential temperature and diabatic heating. Over the subtropical ocean, diabatic heating is very small in shallow clouds under trade wind conditions. Figure 12 shows the advection terms in the Kauai wake, averaged vertically from 16 to 1500 m and from 28 to 40 km in the cross-stream distance in Fig. 8 . Positive horizontal advection of potential temperature occurs during the day, with negative vertical advection in upward motion. The negative vertical advection peaks at 1400 HST. During night, horizontal (vertical) advection turns negative (positive). The positive vertical advection peaks just before dawn. The local derivative tracks well the total advection, the latter largely following the horizontal advection. There are some small differences between the local derivative and total advection. Possible sources of these differences are diabatic heating and sensible heat flux from the sea surface. Surface sensible heat flux is a weak damping for the diurnal cycle in boundary layer temperature, an order of magnitude smaller than the horizontal advection (not shown).
These results indicate that the warm advection during the day increases the air temperature in the wake, inducing a thermal direct circulation in the cross-stream direction with trail clouds forming in the ascending branch. At night, the whole process reverses. The vertical circulation in Fig. 8 is typical of the atmospheric response to thermal forcing in the boundary layer. Ϫ1 for the strong and 5.5 m s Ϫ1 for the weak trade wind days, with a nearly easterly direction for both composite groups (Fig. 13) .
Sensitivity to trade wind strength

a. Satellite observations
The trade wind inversion height is an important factor for cloud cover over Hawaii and nearby waters (not shown). For MODIS cloud frequency composites, we 
FIG. 12. Diurnal variations of terms (K h
Ϫ1
) in the potential temperature equation in the Kauai wake: local derivative (solid line), horizontal (dashed), vertical (dot-dot-dashed), and total advection (dotted). All terms have been averaged between 16 and 1500 m in the vertical, between 28 and 40 km in cross-stream distance (Fig. 8) , and between 5 km east of the easternmost point of Niihau and 5 km west of the westernmost point of Kauai in the along-stream direction.
require that the inversion height falls between 1600 and 2550 m in the soundings of Lihue, Kauai, to minimize the effect of inversion height variability, in addition to the requirement that MODIS Aqua swaths cover the entire state. These criteria give 10 strong trade wind days in 2005 and 9 in 2004, and 9 weak trade wind days in 2005 and 9 in 2004. Figure 14 shows the MODIS Aqua cloud frequency at 1400 HST for the strong and weak wind composites. On the windward slopes of Kauai, the cloud frequency for the strong trade wind days is greater than for the weak trade wind days, typically by 0.2-0.5 in response to the intensified trades and increased orographic lifting. On the western half of the island, cloud frequency decreases slightly for the strong trade wind days because of the stronger descent in the lee of the mountains and a reduced sea breeze-anabatic flow. For the strong trade wind days, cloud cover increases by 0.2-0.3 in the sea channel between Kauai and Niihau and by 0.3-0.5 over the waters lee of Niihau, possibly a result of increased warm advection from islands inducing stronger low-level wind convergence as shown in the following analysis of model simulations. Besides changes in island influences, cloud cover increases by Figure 15 shows the simulated ICWC for the 16 strong and 16 weak trade wind flows during the summer of 2005 and their difference at 1400 HST. There is a general tendency that ICWC increases on the windward half and decreases on the leeward half of Kauai in the strong wind composite in response to stronger orographic lifting and descent, respectively. ICWC increases also in the sea channel lee of Kauai: a welldefined linear cloud band forms lee of Kauai and Niihau in the strong wind but not in the weak wind composite. These results are broadly in agreement with MODIS Aqua observations. Considerable increases of 0.2-0.4 K in 250-m temperature in the Kauai wake hint at the intensified warm advection from Kauai as the cause of the organized cloud line in the strong wind composite.
b. Numerical simulation
For Kauai Island, Fr is 0.8 for the strong and 0.5 for the weak trades. Because Kauai Island is roughly circular and the low-level wind direction upstream is almost the same for both strong and weak trades, a wake circulation is expected for Kauai Island according to Smolarkiewicz and Rotunno (1989) . For the weak trades with Fr ϳ 0.5, the leeside circulations are approaching the low Froude number (Fr Ͻ 0.5) flow regime with lee vortices. Actually, lee vortices with lifetime of 2-4 h were simulated sometimes. The occurrence of lee vortex is more frequent for the weak trades than for the strong trades. The mean wind patterns for the strong and weak trades are, however, quite similar with reduced easterly winds in the wake zone (Figs.  16a,b) . Similar to the mean state during the summer, a dynamically induced convergence zone with weak rising motions forms in the lee of Kauai for both the strong and weak trades (Figs. 16e,f) . The main differences are the simulated easterly winds, and the dynamically induced rising motions in the wake are stronger for the strong trades than for the weak trades (Figs.  16e,f) . These simulations suggest that the wake circulations of Kauai under the strong and weak trades are roughly in the same flow regime with wake formation. (Figs. 16c,d ). In the strong wind composite, a band of upward motion develops at 1400 HST between Kauai and Niihau and lee of Niihau, consistent with satellite observations and simulations of cloud. In the weak wind map, the upward motion band lee of Kauai shifts slightly to the south. Besides this shift in position, upward motion is considerably stronger under strong wind conditions, by 5-10 cm s Ϫ1 along the axes of the cloud bands. This enhanced vertical motion may be due to the increased warm advection from Kauai and/or the increased dynamical forcing by island mountains. To test the hypothesis, we contrast the daily-mean vertical velocity between the strong and weak wind days (Figs. 16c,d ). The daily mean filters out the diurnal cycle and may be taken as a measure of dynamical orographic effects. Indeed, the daily-mean vertical velocity increases under the stronger trades, both over islands and nearby waters. The difference of the daily-mean vertical velocity between strong and weak trades, which measuring the dynamical effect, is far smaller than the 1400 HST difference. For example, in the middle of the sea between Kauai and Niihau with grid number of 50, the former difference is 2.5 cm s of the dynamical-to-thermal forcing ratio of 1:2. Indeed, the cross-stream distance-time sections show that the diurnal temperature anomalies increase by a factor of 2 from the weak-to-strong trade wind composite (Fig. 17) , suggesting that the enhanced thermal advection, together with the increased dynamical forcing, induces stronger vertical motion.
Wakes of Oahu and Hawaii
A pronounced diurnal cycle is also detected in the trail cloud band lee of Oahu Island, southeast of Kauai. With a width of 45 km and a length of 60 km, Oahu features two mountain ridges with a north-northwestsouth-southeast orientation: the Koolau Range on the east half of the island with a maximum elevation of 1200 m, and the Waianae Range on the western side with a maximum elevation of 800 m. Under the summer trade wind conditions with N ϭ 0.008 s Ϫ1 and mean wind speed 8 m s
Ϫ1
, the Froude number is 0.9. The aspect ratio of Oahu Island is 1.3. According to numerical studies of nonlinear flow by Bauer et al. (2000) , the trade wind flow past Oahu is in the regime of mountainwave breaking with wake formation. Figure 18 shows the mean cloud frequency from MODIS Terra and Aqua for 2004-05 summers. In the late morning, clouds mainly occur over the island and the leeside coastal ocean with a maximum along the Koolau Range. In the afternoon, a cloud band develops also over the ocean lee of Oahu, extending for nearly 100 km (Fig. 18a) . The cloud frequency difference between 1400 and 1100 HST over the lee cloud band is 20%-40%.
The afternoon development of the trail cloud band is further confirmed by effective albedo observations from the GOES-10 visible channel (Fig. 19) . In the afternoon, the effective albedo over the leeside sea of Oahu is 2%-5% higher than in the late morning (Figs. 19a, b) . The cloud albedo in the wake of Oahu reaches a maximum in the early afternoon in the along-stream distance-time section (Fig. 19d) . Clouds on the leeward part of Oahu Island develop in the early morning, much earlier than over Kauai or Niihau Island (cf. Fig. 5 ). The steady development of the wake clouds does not begin until late afternoon, and the albedo ϭ 5% contour does not show a clear westward phase propagation, suggesting that it is not simply due to the advection of clouds formed on the island. (There is, however, some westward propagation in cloud albedo overall.) At night, brightness temperature is higher in the wake than in surrounding waters (Fig. 19c) , indicating suppressed cloud formation there. All this indicates that the diurnal cycle of the wake cloud band lee of Oahu is similar to that lee of Kauai and suggests that the same mechanism of the thermal advection is at work.
For the island of Hawaii with maximum elevation 4200 m (Fr ϳ 0.2 under the trade wind conditions), the wake circulations are characterized by two lee vortices and a westerly reverse flow (Smith and Grubišić 1993; Yang and Chen 2003) . Figure 18c shows the simulated daily-mean surface winds and MODIS cloud frequency at 1400 HST for summer 2005. On the lee side, maximum cloud frequency is found on the slopes owing to the sea/mountain breeze. High cloud frequency extends slightly offshore west of the Kona coast. In the wake, the strong orographic forcing induces a westerly reverse flow that is 1800 m deep (Yang and Chen 2008) and extends for 150 km downstream. During the day, the sea breeze accelerates the westerly reverse flow, preventing warm air from being advected into the wake from the island at low levels. Indeed, the wake of the island of Hawaii during the day is colder than the northwestern and southwestern leeward areas, inducing a low-level divergence in the wake (not shown). As a result, cloud frequency is small in the cold wake of Hawaii in the afternoon, in contrast to large cloud occurrence in the warm wakes of Kauai and Oahu. Thus flow regime and thermal advection strongly affect the cloud formation in the wake.
Summary
We have used satellite observations and numerical simulations to study the formation of cloud lines that often trail islands. From MODIS Terra and Aqua and GOES-10, we detect a pronounced diurnal cycle in cloud frequency/albedo trailing islands of Kauai/Niihau and Oahu for as far as 100 km. These lee cloud bands develop around noon, peak in cloudiness in early afternoon, and decay in late afternoon. At night, brightness temperature reaches a local maximum in the wake seen in satellite infrared observations, indicative of suppressed cloud development. Although cloud lines commonly observed lee of islands are often attributed to the dynamically induced low-level wind convergence in the wake, our numerical results show that island thermal forcing can modulate the dynamically induced convergence, creating a diurnal cycle of development and decay in the lee cloud band.
Results from MM5-LSM simulations of the Kauai wake suggest the following thermal wake mechanism. Under the trade wind flow, a dynamically induced convergence zone with weak rising motions forms in the lee of Kauai. From morning toward afternoon, the solar heating warms the island, and a sea breeze develops with increased cloudiness over the leeside land. Warm air moving downstream from the island (warm advection by the trade winds) increases the air temperature and lowers pressure in the marine boundary layer, enhancing low-level wind convergence and upward motion in the wake, and leading to the formation of the trail cloud band. At night, the island cools by longwave radiation, and cold air moving downstream from the island (the cold advection) induces downward motion in the wake, suppressing cloud formation. In our simulations for summer 2005, the diurnal temperature anomalies reach a maximum of slightly less than 1.0 K at 500 m MSL because, at the surface, the turbulent heat flux restores air temperature toward sea surface temperature, which does not include the diurnal cycle in the model.
Both observations and numerical simulation suggest that the wake cloud band lee of Kauai is sensitive to the trade wind strength, with cloudiness increasing with the trade wind speed. The dynamically induced leeside circulations under the strong and weak trades are roughly in the same flow regime with the wake. The diurnal cycle of air temperature increases in amplitude over the leeside sea in the strong wind composite in the model. The increased warm advection is the major cause (twothirds) of the enhanced wind convergence in the wake, while the increased dynamical forcing in response to stronger impinging trades makes a minor but significant contribution (one-third).
The similarities in the wake cloud band and its diurnal cycle between Kauai and Oahu Islands suggest that the thermal wake effect is ubiquitous. A comparison of Nauru, Niihau, Kauai, Oahu, and Hawaii offers some insights into the roles of mountain height and island size on trail cloud formation. Nauru is flat with maximum elevation 60 m, illustrating that lee trail clouds can form under very weak dynamical forcing. The dynamical forcing of moderately tall islands like Kauai and Oahu creates weak convergence in the lee favorable for trail clouds development. For a tall island like Hawaii (4.2 km in elevation), however, a dynamically induced return flow can develop in the wake and, together with the sea breeze, prevent large diurnal warming over the island from being advected into the wake. As a result, trail clouds do not develop in the cold wake of Hawaii during daytime (Fig. 18c) . Regarding island size, the small islands of Nauru (only 21.2 km 2 in area) in the tropical western Pacific (Porch et al. 2006; McFarlane et al. 2005) and Niihau (Figs. 3-5) west of Kauai force strong diurnal variations of lee trail clouds. A large island may not be favorable for trail cloud development if strong sea breezes develop and reverse the prevailing trades. The above comparison of cloud formation among Nauru, Niihau, Kauai, Oahu, and Hawaii leads to the following hypothesis: daytime trail clouds develop in Kauai-type warm wakes without a reverse flow under moderate-to-weak dynamical forcing by island orography, whereas they do not develop in Hawaii-type wakes with an onshore reverse flow under strong island dynamical forcing. Additional surveys of cloud formation over other tropical and subtropical islands will shed further light on island dynamical versus thermal effects.
